Specific visual features can be attended to and processed with a higher priority by our brain, termed featurebased attention (FBA). Two potential mechanisms for FBA have been suggested: goal-driven attentional mediating and stimulus-driven feature priming. Some researchers argued that several reported top-down FBA effects might also involve the influence of feature priming. To clarify this confusion, we used an orientation discrimination task in which the target was tilted randomly from the horizontal or vertical axis and presented at one of four iso-eccentric positions. The target's orientation was precued from trial to trial by an oriented line (Experiment 1) or by a symbolic arrow presented peripherally (Experiment 2) or centrally (Experiments 3/4). The cue could be either valid or invalid according to the congruency of its indicating orientation with the target's nearest cardinal axis. Our results demonstrate that the discrimination speed was significantly faster following a valid than an invalid cue (validity effect) in the session with 80% cue validity when both response accuracy and speed were emphasized. Moreover, this validity effect could also be observed in the session with 50% cue validity using the line cue (Experiment 1), even though its magnitude was significantly reduced, which illustrates the impact of feature priming. However, we did not find the validity effect in the session with 50% cue validity using the symbolic cue (Experiments 2/3). These modulations on the magnitude of the validity effect should be ascribed to top-down attentional mediating that is independent of spatial attention (illustrated by Experiment 3). Importantly, when response accuracy was stressed over speed in Experiment 4, the accuracy was significantly higher following a valid than an invalid cue in the session with 80% cue validity but not in the session with 50% cue validity. Our findings indicate that both top-down attentional mediating and feature priming are important mechanisms for FBA.
Introduction
Due to the brain's limited processing capacities, behaviorally relevant visual information receives prioritized processing in the brain, while the rest is ignored. The visual attributes processed in priority can be certain particular features, such as color, orientation, and direction of motion. This feature-based attention (FBA) plays an important role in our daily lives since it is indispensable for common visual searches. Previous psychophysical, electrophysiological and neuroimaging studies investigating the mechanism of FBA showed various effects (Carrasco, 2011) . Directing attention to a feature was reported to improve the detection accuracy of the stimuli with the same feature (Rossi & Paradiso, 1995) and enhance the firing rates of neurons that were tuned to the attended feature in monkey visual cortices (MartinezTrujillo & Treue, 2004; Maunsell & Treue, 2006; Treue & MartinezTrujillo, 1999) . Functional magnetic resonance imaging (fMRI) results also revealed that attending to a feature can not only enhance the responses of cortical visual areas that are selective to that feature but also suppress the sensory signals of similar, but not identical, features globally across the visual field (Saenz, Buracas, & Boynton, 2002; Serences & Boynton, 2007; Störmer & Alvarez, 2014) .
For these reported FBA effects, the authors more or less implied that these effects result from a top-down attentional mechanism, which means it is goal-driven, and the stimulus feature does not play a key role. Zhang and Luck (2009) even explicitly indicated that their results which showed a competition between the attended and unattended colors provided a clear evidence for top-down FBA leading to enhanced feed-forward information processing. In some reviews, it has been suggested that the neurobiological mechanisms underlying FBA and top-down spatial attention (SA) may possibly be the same (Maunsell, 2015; Maunsell & Treue, 2006) . A recent study recorded neuron activities in the ventral prearcuate region of the prefrontal cortex while monkeys performed a visual search task and found that this region exhibited feature-based attentional modulation with a time course early enough to be a major source of top-down FBA (Bichot, Heard, DeGennaro, & Desimone, 2015) .
However, the bias in processing specific features can also be explained by a stimulus-driven mechanism called feature priming. The feature of an encountered item influences a person's ability to detect subsequent stimulus with the same or related features (Kristjánsson, 2006) . It has even been proposed that these priming effects are not overcome by knowledge, expectancy, or intention (Nakayama, Maljkovic, & Kristjánsson, 2004) . The effects of feature priming are commonly observed in visual searches and might work by cueing with a similar feature or through intertrial priming (Theeuwes, 2013) . In a visual search task, subjects were asked to detect a singleton target (unique in color or shape), which was precued by the shape or color singleton presented at the fixation point, from nine stimuli equally distributed in the peripheral visual field (Theeuwes, Reimann, & Mortier, 2006) . Their results showed that the detection speed was faster in the trials with a valid cue (the cued singleton matched with the target singleton), whether in counterinformative sessions (17% trials with valid cues) or highly informative sessions (80% cue validity). They proposed that this RT benefit was owing to feature priming because of the cue presence, and top-down FBA is not effective in guiding visual search. Intertrial priming is another way of generating the effect of feature priming, characterized by an improvement of behavioral performance with the repetition of target and/or distractor features over consecutive trials (Maljkovic & Nakayama, 1994) . A recent study reported that the search speed was faster when the target feature remained constant across trials than when it switched from trial to trial (Yashar, Makovski, & Lamy, 2013) . The effect of intertrial priming depends on the sequence of the trials and is not driven by goal.
After carefully reviewing the experimental designs in the previous studies, Theeuwes (2013) argued that those reported top-down FBA effects resulted from feature priming instead of top-down attentional mediating. In the aforementioned work by Zhang and Luck, the attended feature was not changed within a block. This blocked design, also used in other studies on FBA (Chawla, Rees, & Friston, 1999; Corbetta, Miezin, Dobmeyer, Shulman, & Petersen, 1990) , could not exclude the interference of intertrial priming, which complicates the interpretation of their results (Theeuwes, 2013) . A recent work investigating FBA adopted a Posner-like paradigm, in which the attended feature (color, in their case) was precued and varied from trial to trial (Störmer & Alvarez, 2014) . However, since the cue they used had a similar color to the target, the effect of feature priming still cannot be ruled out, according to Theeuwes' arguments (Theeuwes, 2013) .
To clarify this confusion, it is necessary to investigate FBA with a paradigm that is capable of distinguishing the effects of attentional mediating and feature priming. In the present study, we used a Posnerlike two-alternative forced-choice (2AFC) orientation discrimination task to investigate FBA. The target orientation was precued by a peripheral line or a central/peripheral symbolic arrow on a trial-by-trial basis. The line cue had a task-relevant orientation, while the symbolic arrow cue consisted of lines with task-irrelevant orientations. We proposed that the effect of feature priming would be elicited by the line cue but not the symbolic arrow cue. The usage of different types of cues and cue informativeness can help us investigate the effects of top-down attentional mediating and feature priming, and obtain a more comprehensive understanding of the underlying mechanisms of FBA.
Experiment 1

Subjects
Nine subjects (age 19-34 years, 4 male, 5 female) were recruited in the experiment. All subjects except one author were naïve to the purpose of the experiment. They had normal or corrected-to-normal vision and provided informed consent. The sample sizes in our experiments were comparable to those in previous psychophysical studies on FBA (Theeuwes & Burger, 1998; Tsal & Lamy, 2000; White, Rolfs, & Carrasco, 2015) and were able to guarantee that statistically significant effects with p < 0.05 could be generalized to the majority of the population, according to a previous study on statistics in psychophysics (Anderson & Vingrys, 2001 ). All experimental procedures conformed to the ethical standards of the Ethical Committee of Shanghai Jiao Tong University and the guidelines of the Declaration of Helsinki.
Apparatus
A 24-inch liquid crystal display (LCD) monitor (BenQ xl2411t, Taipei, Taiwan, 1920 × 1080 pixels, 100 Hz refresh rate) positioned 57 cm in front of the subject was used to display the visual stimuli. The screen had a mean luminance of 15.5 cd/m 2 . The subject's head was restrained in a chin rest. An infrared imaging-based eye tracker (Tobii X60; Tobii Technology AB, Stockholm, Sweden) was adopted to monitor the eye movement. Stimulus presentation and data collection were achieved using MATLAB (MathWorks) with the Psychtoolbox extension (Brainard, 1997; Pelli, 1997) . Data analyses were conducted with the Statistical Package for Social Sciences (SPSS, Inc.) and OriginPro software (OriginLab Corporation).
Stimuli and procedure
Subjects were instructed to fixate on a black cross (0.4°× 0.4°; Fig. 1 ), which was presented throughout the whole experiment at the center of the screen with a distance of 57 cm. Then, a line cue was presented for 250 ms at one of four iso-eccentric locations at 5.5°ec-centricity. After an interval of 500 ms, a Gabor was presented for 50 ms between the cue position and the fixation cross at 4°eccentricity. The Gabor patch (σ = 0.2°, 4 cycles/deg., 50% contrast) was tilted slightly away from either horizontal or vertical (randomized on each trial). Observers were instructed to press key '6' if the target was tilted clockwise (CW) from its cardinal axis (i.e., horizontal or vertical), or press key '4' if the tilt was counterclockwise (CCW). Speed and accuracy were equally emphasized. The next trial began after an intertrial interval (ITI) of 1950 ms. Those trials that had fixation breaks (the fixation went outside a 2°window) or reaction times (time interval between the target onset and the response) longer than 2 s or shorter than 150 ms were considered as incorrect and were repeated at the end of the current block of trials.
The cue was a horizontal or vertical line with length of 0.4°, which was used to introduce a feature attentional bias to vertical or horizontal orientation when subjects were performing the orientation discrimination task. The cue could be either valid or invalid based on whether its indicating orientation was congruent or incongruent with the orientation of the target's nearest cardinal axis.
Each subject completed two experimental sessions, including eight blocks in which the proportion of trials with valid cues was 80% and eight blocks in which the proportion of valid and invalid trials was equal, respectively. The order of the two sessions was randomly determined for each subject. Before the beginning of the session with 80% or 50% cue validity, observers were explicitly told that the cues were informative regarding the target orientation and there was a benefit in using the cues to perform the task, or that the orientations indicated by the cues were randomized and uninformative about the target orientation. Then, the observer's orientation discrimination thresholds for the target's tilt from horizontal and vertical were measured using the double three-down one-up staircase procedure. The two threshold values of each subject were used as the tilted angles of Gabor in the following formal experiments. Within each session, the tilted angles of Gabor were adjusted according to the response accuracy in the previous block. Therefore, the target's orientation was discerned at the threshold level of the subject. This control of task difficulty helped us accurately measure the modulation of FBA, which reflected the variation in perceptual processing. There were two blocks for each of the four target locations. Reaction times within the block that had a response accuracy closer to 79.4% was chosen for later analysis. Hence, the overall response accuracy across all conditions was pinned at approximately 79.4%. Within each block, the orientation of the cue (horizontal or vertical) and the orientation of the target's closest axis (horizontal or vertical) varied in randomly shuffled order from trial to trial.
Results and discussion
All data were expressed as the mean ± SEM (Standard Error of Mean) across observers. The SEM was adjusted to remove betweensubject variability (Baguley, 2013; Cousineau, 2005; Franz & Loftus, 2012; Morey, 2008) .
The orientation discrimination threshold for horizontal tilt (1.75 ± 0.17°) was not significantly different (paired t test, t (8) = 0.85, p = 0.419) from that for vertical tilt (1.57 ± 0.15°). Mean response accuracies across subjects were 77.8 ± 0.86% for the session with 80% cue validity and 77.6 ± 0.67% for the session with 50% cue validity. The mean reaction times (RTs) were 691 ± 28 ms and 683 ± 24 ms for these two sessions, respectively. The mean performance accuracies and RTs between these two sessions were not significantly different from each other (paired t test, t(8) = 0.16, p = 0.878 for accuracies, t(8) = 0.24, p = 0.815 for RTs), which was probably due to the fact that the task difficulties of these two sessions were pinpointed at a fixed level, and the subject was asked to pay attention to both response accuracy and speed while performing the task. In consideration of the manipulations in our task and the relative insensitivity of accuracy to attentional modulation, only reaction times (RTs) of correct trials were included in the following analysis.
A 4 × 2 × 2 within-subject factorial design was used in our study with four locations, two orientations of the target's nearest cardinal axis (horizontal, vertical) and two conditions of cue validity (valid, invalid). All data were analyzed by a three-way repeated-measures analysis of variance to observe the influence of location, target's orientation, cue validity and their interactions. Although previous studies have shown that location and target's orientation have the capacity to affect discrimination performance (for location, see Carrasco, Talgar, & Cameron, 2001 ; for orientation, see Maloney & Clifford, 2015) , our results showed no reliable main impacts of these two factors or their interaction effects (data not shown). However, significant and consistent influence of cue validity was observed in all of our experiments. Considering the main purpose of assessing the FBA modulation induced by the cue, collapsed data across locations and orientations of the target's nearest cardinal axis were used for the following statistical analyses (paired t test, if not mentioned), which led to similar conclusions as the three-way repeated-measures analyses.
Session with 80% cue validity: As illustrated in Fig. 2A , the mean RT of the trials with valid cues was significantly faster than that with invalid cues (684 ± 26 ms vs. 742 ± 35 ms, t(8) = 5.57, p < 0.001). To determine the role of intertrial priming in the revealed modulation on RT, trials were further divided into two groups based on whether the target feature of the trial was similar to (repetitive trial) or different from (switched trial) that of the previous trial (Fig. 2B) . The mean RT of the repetitive trials (687 ± 29 ms) was significantly faster (t (8) = 2.80, p = 0.023) than that of the switched trials (709 ± 34 ms), with a difference of 22 ± 8 ms, which illustrated the boost of response speed due to intertrial priming. In these repetitive trials, the cue validity still had significant impact (t(8) = 2.63, p = 0.03) on RT (677 ± 28 ms and 739 ± 43 ms in trials with valid and invalid cues, respectively). The significant cue validity effect was also found in the switched trials (t(8) = 6.72, p < 0.001, 697 ± 33 ms for trials with valid cues vs. 750 ± 36 ms for trials with invalid cues).
Session with 50% cue validity: As shown in Fig. 2C , RT was also influenced by the cue validity even though the cue was uninformative regarding the target orientation. When the cue was invalid, the mean RT was 693 ± 26 ms. In the trials with valid cues, the mean RT was 673 ± 21 ms. The mean RTs between these two groups were also significantly different (t(8) = 3.61, p = 0.007), which demonstrates that the discrimination speed was also influenced by cue validity, even in trials with uninformative cues. The effect of intertrial priming was also assessed (Fig. 2D ). Subjects responded significantly faster in the repetitive trials (t(8) = 3.82, p = 0.005, 670 ± 23 ms and A line cue appeared at 5.5°eccentricity for 250 ms followed by a 500 ms interval. Then a target (Gabor), which was tilted slightly from either the horizontal or vertical axis, appeared for 50 ms at one of four positions with 4°of eccentricity. The cue indicated correctly whether the impending target was tilted from the horizontal or vertical axis in the valid condition, or incorrectly in the invalid condition. Observers reported whether the target was tilted clockwise or counterclockwise from its closest cardinal axis. The proportion of trials with valid cues was 80% in one experimental session and 50% in the other. The gray line indicates the target's cardinal axis and was not shown during the experiments. ISI, interstimulus interval; ITI, intertrial interval.
695 ± 25 ms in repetitive and switched trials, respectively). The significant cue validity effect was only observed in the switched trials (t (8) = 3.21, p = 0.012, 685 ± 25 ms in trials with valid cues vs. 705 ± 25 ms in trials with invalid cues), but not in the repetitive trials (t(8) = 1.70, p = 0.128, 660 ± 19 ms in trials with valid cues vs. 680 ± 27 ms in trials with invalid cues).
The differences in the mean RTs of the trials with invalid and valid cues in the two sessions with 80% and 50% cue validity were assessed and compared. In both sessions, the differences were significantly greater than 0 (one sample t test, sessions with 80% cue validity: 58 ± 10 ms, t(8) = 5.57, p < 0.001; sessions with 50% cue validity: 20 ± 5 ms, t(8) = 3.61, p = 0.007). The RT difference in the session with 50% cue validity was significantly smaller than that in the session with 80% cue validity (t(8) = 4.95, p = 0.001).
In the session with 50% cue validity, a significant validity effect was observed, which can be ascribed to feature priming, i.e., the bias in processing the physical visual feature of the line cue (orientation, in our case). In the session with 80% cue validity, an even stronger validity effect was found. The combination of these findings demonstrate that the FBA effects revealed in the trials with informative line cue should be caused conjointly by top-down attentional mediating and feature priming.
Experiment 2
In Experiment 1, even though the interference of intertrial priming was carefully eliminated, the effect of feature priming ascribed to the brain's pre-processing of the cue's physical feature might still exist. It remained unclear whether this type of nonnegligible interference could also be eliminated in a Posner-like paradigm. Experiment 2 was conducted to find the answer.
Subjects and procedure
Eleven subjects (age 19-34 years, 7 male, 4 female) participated in the experiment. All subjects except one author were naïve to the purpose of the experiment.
The procedure was similar to Experiment 1 except for the cue (Fig. 3) . Instead of the line cue, a symbolic arrow cue was adopted. The cue was either an upward or a leftward arrow composed of two 0.4°l ines, which were orthogonal to each other and tilted 45°from horizontal and vertical. The upward (leftward) arrow was used to introduce a feature attentional bias to vertical (horizontal) orientation when subjects were performing orientation discrimination task. The cue could be either valid or invalid based on whether its indicating orientation was congruent or incongruent with the orientation of the target's nearest cardinal axis.
Results and discussion
The orientation discrimination threshold in Experiment 2 for horizontal tilt (2.06 ± 0.68°) was significantly different (t(10) = 2.87, p = 0.017) from that for vertical tilt (1.47 ± 0.46°). Mean response accuracies across subjects were 76.4 ± 0.97% for the session with 80% cue validity and 75.4 ± 0.87% for the session with 50% cue validity, which were not significantly different from each other (t(10) = 0.75, p = 0.473). The mean RTs of these two sessions were also not significantly different from each other (t(10) = 0.19, p = 0.855, 655 ± 16 ms in the session with 80% cue validity vs. 651 ± 15 ms in the session with 50% cue validity). Only reaction times (RTs) in correct trials were included in the following analysis.
Session with 80% cue validity: The mean RT in the trials with valid cues (648 ± 15 ms) was significantly shorter (t(10) = 4.22, p = 0.002) than that in the trials with invalid cues (679 ± 19 ms) (Fig. 4A) . The Vision Research 148 (2018) 15-25 RT discrepancy of 31 ms between the two groups demonstrated that the FBA was successfully induced by the symbolic arrow cue. The impact of intertrial priming was also observed (Fig. 4B) . The mean RT in the switched trials was 674 ± 18 ms, which was significantly longer (t (10) = 3.95, p = 0.003) than that in the repetitive trials (635 ± 16 ms). The significant effect of cue validity was revealed in both the repetitive and switched trials (repetitive trials: t(10) = 4.85, p < 0.001, 628 ± 15 ms in trials with valid cues vs. 661 ± 18 ms in trials with invalid cues; switched trials: t(10) = 2.91, p = 0.015, 669 ± 18 ms in trials with valid cues vs. 699 ± 22 ms in trials with invalid cues). Session with 50% cue validity: For the trials with valid and invalid cues, their mean RTs did not significantly differ from each other (647 ± 15 ms vs. 655 ± 15 ms, t(10) = 1.38, p = 0.207). The validity of the arrow cue did not greatly impact the RT, which was different from the results in Experiment 1 (Fig. 4C) . As for the impact of intertrial Vision Research 148 (2018) 15-25 priming (Fig. 4D) , the mean RT in the repetitive trials was 630 ± 14 ms, significantly shorter (t(10) = 6.69, p < 0.001) than that in the switched trials (675 ± 17 ms). No significant cue validity effect was found in either the repetitive or the switched trials (repetitive trials: t(10) = 0.60, p = 0.561, 628 ± 15 ms for trials with valid cues vs. 632 ± 14 ms for trials with invalid cues; switched trials: t (10) = 1.31, p = 0.219, 669 ± 17 ms for trials with valid cues vs 680 ± 18 ms for trials with invalid cues).
In session with 80% cue validity, the RT difference was 31 ± 7 ms, significantly greater than 0 (one sample t test, t(10) = 4.22, p < 0.001). However, the RT difference was only 8 ± 5 ms in sessions with 50% cue validity, which did not significantly differ from 0 (one sample t test, t(10) = 1.38, p = 0.197). The RT difference in the session with 80% cue validity was also significantly larger than that in the session with 50% cue validity (t(10) = 2.42, p = 0.036).
When the symbolic arrow cue was adopted, no significant validity effect was observed in the session with 50% cue validity, which means feature priming did not play an important role. Interestingly, a significant validity effect was still found in the sessions with 80% cue validity. This change of the validity effect on the basis of the cue informativeness should be explained by goal-driven attentional modulation.
Experiment 3
The symbolic arrow used in Experiment 2 not only cued the probable target orientation but also indicated the target location with 100% validity, which might direct spatial attention (SA) to the target location no later than the deployment of FBA. If that were the case, the preoriented SA could be a prerequisite for FBA. Since SA was directed towards a specific target in Experiment 2, we need to answer the question whether FBA could actually help improve the target discrimination outside the focus of attention. To figure out whether the observed top-down FBA depended on the SA deployed in advance, Experiment 3 was conducted.
Subjects and procedure
Nine subjects (age 19-34 years, 5 male, 4 female) participated in the experiment. All subjects except one author were naïve to the purpose of the experiment.
Several changes in experimental protocol were made: (1) the cue contained two arrows at opposite sides of the central fixation point at 0.6°eccentricity; (2) the double-sided arrow pointed, respectively, either upward and downward or leftward and rightward, to induce a feature attentional bias to vertical or horizontal orientation; (3) for each trial, the target was presented randomly at one of four locations at 4°e ccentricity, 45°from either the horizontal or vertical axis, to exclude the influence of the possible indication of target location by the central cue; (4) a black dot (0.2°in diameter) instead of a cross was used as a fixation point, so that the fixation point could not provide information on the target orientation; and (5) the tilted angles of the Gabor were kept constant, and thus, all blocks were included in the following analysis (Fig. 5) . Except for those changes, other settings were identical to those used in Experiment 1. Centrally cueing the target feature with a dual-headed arrow could eliminate the impact of spatial attention.
Each subject completed two experimental sessions, which included, respectively, eight blocks in which the proportion of trials with valid cues was 80% and eight blocks in which the proportion of valid and invalid trials was equal. Each block with either 80% or 50% cue validity contained 80 correctly completed trials. The order of the two sessions was randomly determined.
Results and discussion
The orientation discrimination threshold for horizontal tilt (2.19 ± 0.22°) was not significantly different (t(8) = 0.32, p = 0.758) from that for vertical tilt (2.09 ± 0.19°). Mean response accuracies across subjects were 77.5 ± 1.6% for the session with 80% cue validity and 75.6 ± 2.0% for the session with 50% cue validity, which were not significantly different from each other (t(8) = 0.88, p = 0.402). The mean RTs of these two sessions were also not significantly different from each other (t(8) = 1.64, p = 0.139, 646 ± 13 ms in the session with 80% cue validity vs. 634 ± 17 ms in the session with 50% cue validity). Only reaction times (RTs) in correct trials were included for the following analysis.
Session with 80% cue validity: As illustrated in Fig. 6A , the mean RT in the trials with valid cues was significantly shorter than that in the trials with invalid cues (640 ± 13 ms vs. 671 ± 17 ms, t(8) = 3.04, p = 0.016). The influence of intertrial priming was also estimated with the same method used in Experiments 1 and 2 (Fig. 6B) . The mean RTs in the repetitive and the switched trials were 639 ± 14 ms and 654 ± 12 ms, respectively. The RT difference of 15 ms reached statistical significance (t(8) = 2.86, p = 0.021). The significant effect of cue validity was only found in the switched trials. Within these trials, the mean RT in trials with valid cues was 646 ± 11 ms, which was significantly shorter (t(8) = 3.67, p = 0.006) than that in trials with invalid cues (689 ± 18 ms). For the repetitive trials, the mean RTs in trials with valid and invalid cues were not significantly different (t (8) = 1.66, p = 0.136, 635 ± 14 ms in trials with valid cues vs. 653 ± 17 ms in trials with invalid cues).
Session with 50% cue validity: As shown in Fig. 6C , the cue validity did not affect RT under this condition. In the trials with valid and invalid cues, the mean RTs were 633 ± 17 ms and 636 ± 16 ms, respectively, which were not significantly different from each other (t (8) = 1.02, p = 0.337). The mean RTs in the repetitive and the switched trials (626 ± 16 ms vs. 643 ± 17 ms) differed from each other significantly (t(8) = 6.82, p < 0.001) (Fig. 6D) . There was no significant effect of cue validity in either the repetitive or the switched trials (repetitive trials: t(8) = 0.56, p = 0.590, 625 ± 16 ms in trials with valid cues vs. 627 ± 16 ms in trials with invalid cues; switched trials: t(8) = 1.39, p = 0.201, 640 ± 18 ms in trials with valid cues vs. 645 ± 16 ms in trials with invalid cues).
In session with 80% cue validity, the RT difference was 31 ± 10 ms and significantly greater than 0 (one sample t test, t(8) = 3.04, p = 0.008). However, in session with 50% cue validity, the RT difference was 3 ± 3 ms and not significantly different from 0 (one sample t test, t(8) = 1.02, p = 0.83). The RT difference in the session with 80% cue validity was also significantly larger than that in the session with 50% cue validity (t(8) = 3.47, p = 0.008).
The results of Experiment 3 demonstrated that even without the preorienting of spatial attention and the interference of feature priming, top-down feature-based attentional setting can still modulate the speed of target orientation discrimination.
Experiment 4
In Experiment 3, a clear global FBA effect driven by the goal was found in RT but not in response accuracy. The lack of FBA modulation on accuracy might be ascribed to the required speed of response which could affect the attentional modulation on accuracy. Since modulation on RT might come from differences in decision processes, instead of perceptual representation (Busch & Vanrullen, 2010) , FBA modulation on accuracy must be examined.
Subjects and procedure
Nine subjects (age 19-34 years, 4 male, 5 female) participated in the experiment. All subjects except one author were naïve to the purpose of the experiment.
To maximize the modulation of the cue-induced FBA on response accuracy, several changes in the experiment settings were made ( Fig. 7) : (1) after the target disappeared for 100 ms, the fixation point changed its color from white to red for 200 ms as a response cue; (2) when the subject made a response, immediate audio feedback was provided with high pitch for a right answer or low pitch for a wrong answer; (3) incorrect trials were not repeated at the end of the current block of trials; (4) the number of blocks in the sessions with 80% cue validity was increased to 10 to enhance the statistical power; and (5) response accuracy was emphasized to the subject, while accelerated reaction was not required. The time interval between the onset of the response cue (instead of the target) and the response was calculated as the RT. Except for those changes, other settings were the same as those used in Experiment 3. 
Results and discussion
The orientation discrimination threshold for horizontal tilt (1.67 ± 0.18°) was not significantly different (t(8) = 0.97, p = 0.359) from that for vertical tilt (1.48 ± 0.14°). Given that accuracy was the measure that should be focused on in this experiment, only accuracy data and related analysis results were reported in the following part. Mean response accuracies across subjects were 81.2 ± 0.9% for the session with 80% cue validity and 80.7 ± 1.3% for the session with 50% cue validity, which were not significantly different from each other (t(8) = 0.32, p = 0.761). A repeated measures ANOVA was used to analyze the accuracy data with session type (session with 80% cue validity vs. session with 50% cue validity) and cue validity (valid vs. invalid) as two within-subject factors and the order in which the two sessions were performed (session with 80% cue validity first vs. session with 50% cue validity first) as a between-subject factor. The results showed no significant influence of session type and the order in which the two sessions were conducted as well as the related interactions Session with 80% cue validity: As illustrated in Fig. 8A , the effect of cue validity on accuracy was observed. The accuracy of the trials with valid cues (81.7 ± 0.9%) was significantly higher (t(8) = 2.80, p = 0.023) than that of the trials with invalid cues (79.1 ± 1.0%). The impact of intertrial priming on accuracy (Fig. 8A ) was also measured. There was no significant discrepancy between the accuracies of the repetitive and the switched trials (t(8) = 0.35, p = 0.738, 81.0 ± 1.2% in the repetitive trials vs. 81.3 ± 0.6% in the switched trials). In the switched trials, the accuracy of trials with valid cues was 82.2 ± 0.6%, which was significantly higher (t(8) = 3.08, p = 0.015) than that of the trials with invalid cues (77.9 ± 1.4%). In the repetitive trials, no significant difference was found between the accuracies of the two groups (t(8) = 0.52, p = 0.615, 81.2 ± 1.3% in trials with valid cues vs 80.4 ± 1.6% in trials with invalid cues).
Session with 50% cue validity: As shown in Fig. 8B , the accuracy of the trials with valid cues (80.4 ± 1.4%) was also not significantly different (t(8) = 0.36, p = 0.725) from that of the trials with invalid cues (80.9 ± 1.6%). Intertrial priming had no impact on accuracy under this condition. No significant difference between the accuracies of the repetitive and switched trials (t(8) = 0.35, p = 0.738, 80.6 ± 1.4% in the repetitive trials vs. 80.7 ± 1.3% in the switched trials) was found. There was also no significant effect of cue validity in the repetitive trials. Accuracy of trials with valid cues was 80.3 ± 1.7%, which was not significantly different (t(8) = 0.28, p = 0.790) from that of trials with invalid cues (80.9 ± 1.7%) (Fig. 8B) . In the switched trials, no significant difference was found between the corresponding accuracies of the two groups with different cue validity (t(8) = 0.28, p = 0.787, 80.4 ± 1.3% in trials with valid cues vs. 81.0 ± 2.0% in trials with invalid cues).
In session with 80% cue validity, the accuracy difference was 2.6 ± 0.9% and significantly greater than 0 (one sample t test, t (8) = 2.80, p = 0.023). However, in session with 50% cue validity, the accuracy difference was -0.5 ± 1.3% and not significantly different from 0 (one sample t test, t(8) = 1.44, p = 0.189). The accuracy difference in the session with 80% cue validity was not significantly different from that in the session with 50% cue validity (t(8) = 1.61, p = 0.148), which indicated that the modulation of the cue informativeness on accuracy was weak.
General discussion
In this study, we used a Posner-like paradigm to investigate FBA and Fig. 7 . Protocol for Experiment 4. After the presence of the target, the fixation point turned red as a response cue. For each trial, audio feedback was given based on whether the response of the subject was correct or not. Subjects were instructed to perform the task as accurately as possible.
found a clear effect of cue validity in the session with 50% validity using the line cue (Experiment 1), which demonstrates the influence of feature priming. In Experiments 2, 3 and 4, we showed evidence for the FBA effects relying on a top-down attentional set. First, this FBA effect was induced by a symbolic cue including two arrows consisting of lines with task-irrelevant orientations. Second, the FBA effect was observed when the target feature (in our case the orientation) varied randomly from trial to trial. Third, the validity of the symbolic cue had great impact on discrimination speed in the session with 80% cue validity but had no effect in the session with 50% cue validity, which indicates that observers might voluntarily adjust their attentional bias according to the informativeness of the feature cue. In addition, this FBA effect had a global nature, and its occurrence did not rely on spatial attention or intertrial priming. This FBA effect cannot be driven by response bias because the cues (line or symbolic arrow) that were used in the present study provided information about the orientation of the target but not the response that the subject was most likely to make. In other words, the cue did not indicate whether the impending Gabor stimulus would tilt clockwise or counterclockwise from its closest cardinal axis. Hence, the subject could not determine the proper response until the presence of the target. Importantly, the observed endogenous FBA was able not only to influence RT (Experiments 1, 2, 3) but also to affect response accuracy (Experiments 4), which indicates that top-down FBA can have a great impact on perceptual representation.
Previous studies have shown that feature-based priming can occur at various stages of processing, from the low sensory/perceptual singlefeature level (Campana, Cowey, & Walsh, 2006) to higher levels of processing such as prediction of shifts in target position (Fuggetta, Campana, & Casco, 2007) . In our study, the FBA relying on attentional set was mediated via symbolic cueing of the upcoming feature (orientation). Researchers used cues to induce either exogenous or endogenous visuo-spatial attention and found the effects of top-down modulation at early sensory/perceptual levels where simple features are processed (Carrasco, Ling, & Read, 2004; Liu, Abrams, & Carrasco, 2009 ). Therefore, it is possible that the top-down FBA effects in our study also occurred at a sensory/perceptual level, due to the uncertainty reduction of the target's orientation by the feature cue which could increase task performance. However, there is also the possibility that the observed FBA effects occurred at the stage of subjects deciding the reference orientation (closest cardinal axis) for responding that the target was CW or CCW, which means it happened at the response/decision level. Regardless of the exact processing stage at which the FBA by symbolic cueing in our study occurred, the effect obviously resulted from top-down attentional modulation. Since this top-down FBA modulation could be found in accuracy, it seems reasonable to say that perceptual representation could be influenced by this goal-driven FBA.
Even though the effect of the cue-induced endogenous FBA on accuracy was observed in Experiment 4, the strength of this modulation was quite small compared with the strong modulation of FBA on RT revealed in Experiment 1-3. This difference between the behavioral performance in accuracy and RT can be a reflection of distinct cognitive procedures involved in attentional modulations on accuracy and RT. Previous behavioral study employed discrepant versions of spatial cueing paradigms and found that RT and accuracy experiments did not yield the same results: voluntary spatial attention affected performance in both accuracy and RT while involuntary spatial attention only affected performance in RT (Prinzmetal, Mccool, & Park, 2005) . To explain their results, they proposed that voluntary attention enhanced the perceptual processing of the stimulus which could lead to the variations in RT and accuracy, whereas involuntary attention merely impacted the decision procedure which could only affect RT but not accuracy. Their results also implied that RT is more sensitive to attentional modulation than accuracy. A later neuroimaging study, which recorded magnetoencephalography while human subjects conducting a cued somatosensory discrimination (Van, de Lange, & Maris, 2012) , demonstrated that the temporal dynamics of attentional modulation on accuracy and RT were quite different. The cue validity effect on accuracy not only started much later and changed more rapidly but also had much smaller amplitude compared to that on RT (see their Fig. 2B, D) . Our results are in accordance with these previous studies. It should also be noted that the amplitude of our observed FBA modulation on accuracy is much smaller than the reported amplitude of the effect of spatial attention on accuracy. Previous study (Herrmann, Montaser-Kouhsari, Carrasco, & Heeger, 2010) has demonstrated that focusing attention to a specific location can significantly enhance the accuracy of orientation discrimination (expressed as index of sensitivity, d prime) for the visual stimuli at that position compared with that when spatial attention was directed to other places. The increase of d prime ascribed to spatial attention in their study roughly corresponds to an increase of 10 percent in correct percentage, which is obviously larger than the observed 2.6 percent change in correct percentage caused by FBA in our study. A recent neuropsychological study (Xue, Kaping, Baloni Ray, Suresh Krishna, & Treue, 2016) has illustrated that in the same behavioral task, the effect of feature-based attention on firing rates of the corresponding neurons in visual cortex is significantly smaller than that for spatial attention, which may imply the neuronal mechanism for the difference in the amplitude of modulations on performance accuracy between the two types of attention.
Theeuwes et al. used word cue to indicate the feature of the target singleton in a search array with a validity of 83% (Theeuwes et al., 2006) or 80% (Theeuwes & Van der Burg, 2007) . They revealed that the cue validity did not influence the search speed for the target singleton or the response accuracy of the task, suggesting that search performance could not be improved by top-down FBA. A recent study investigated the influence of attentional control settings in guiding visual search with similar paradigms to Theeuwes's (Chen & Cave, 2015) . They found clear evidence for effective top-down FBA guidance in visual search reflected by the fast search speed for the target singleton following a valid cue. They also demonstrated that the top-down FBA guidance in search was not easy to observe under some conditions due to the influence of search history and the physical salience of the search target. The interference of spatial attention is always involved in visual search and many other factors instead of FBA such as the salience of the visual stimuli also play an important role in visual search (Carrasco, 2011) . All these make it complicate to investigate and assess FBA with visual search paradigm. We used a different orientation discrimination task with line cue or symbolic arrow cue to investigate FBA. Therefore, our results cannot be directly compared with those previous data collected by visual search protocol. In our paradigm, not only FBA was directly manipulated, the impact of spatial attention and other factors such as task difficulty could also be easily managed. These advantages make our paradigm suitable for the assessment of the FBA modulation on behavior and neuronal activities. Moreover, Posner-like orientation discrimination task is commonly used in studies on spatial attention (Carrasco et al., 2004; Herrmann et al., 2010) , which means FBA modulations measured in Posner-like orientation discrimination task can be compared with their spatial attention counterparts. Such comparison can lead to more comprehensive understanding of the mechanism of attention.
In Experiment 1, we found an effect of cue validity in the session with uninformative cues. This finding could be explained by the residual effect of informativeness, which came from the pre-performed session with informative cues. If that were the case, the order in which the two experimental sessions were performed should matter, meaning that the effect of cue validity in the session with uninformative cues should only be found in those subjects who had previously conducted the session with informative cues. To test this, we divided the data of the session with uninformative cues based on the order in which the subject completed the two sessions. Of the nine subjects, four subjects performed the session with informative cues at the beginning, while the other five firstly performed the session with uninformative cues. Oneway ANOVA was used to analyze the influence of session order on the differences in the mean RTs for the trials with invalid and valid cues. No significant impact was observed (one-way ANOVA, F(1,7) = 0.74, p = 0.419). The data of the later five participants were further analyzed. When the cue was invalid, the mean RT from the five subjects who firstly conducted the sessions with 50% cue validity was 668 ± 31 ms. In the trials with valid cues, the mean RT was 653 ± 28 ms. The mean RTs between these two types of trials were still significantly different (paired t test, t(4) = 3.46, p = 0.028) with a significant difference greater than 0 (one sample t test, 15 ± 10 ms, t (4) = 3.46, p = 0.028). Taking these results together, it is reasonable to claim that the order of the sessions did not play an important role in our experiment.
There is a long-lasting debate on whether and how FBA and SA interact with each other. Tsal and Lavie's psychophysical work (Tsal & Lavie, 1993) showed that when attempting to attend to a stimulus's specific feature (color or shape in their case), orienting attention to its location is a general and mandatory process, which demonstrated the unique role of spatial attention and its great impact on the deployment of feature-based attention. Another study (Leonard, Balestreri, & Luck, 2015) found that the decrease in accuracy at an attended location caused by irrelevant distractors elsewhere was stronger for distractors in the same color with the target (FBA effect) and was weaker if the distractor was farther from the attended target location (interaction between FBA and SA). Their observed dependence of the FBA effect on spatial distance illustrated the possibility that SA may be depended on by FBA. However, many other studies (Serences & Boynton, 2007; Störmer & Alvarez, 2014) have observed the effects of FBA across the visual field, even at locations that were unattended or task irrelevant, which supports that FBA is global and independent of SA. A recent study (White et al., 2015 ) went a step further by showing that FBA and SA are independent, but only under the condition of no stimulus competition. With sufficient competition, there was a clear interaction between the two types of attention. Such complex scenarios regarding the interactions between FBA and SA illustrated that the relationship between top-down FBA and SA remains an important but unresolved question.
Another interesting phenomenon in our study is that the cue validity effect was not found in the session with 50% cue validity when the symbolic cue was used. Previous studies on spatial attention have demonstrated that even a nonpredictive arrow or word cue (50% validity) facilitated the processing of an upcoming stimulus when its location matched the meaning of the cue (Hommel, Pratt, Colzato, & Godijn, 2001) . The nonpredictive cue elicited reflexive endogenous shifts of attention and activated a network suggested to be involved in voluntary orienting (Hietanen, Nummenmaa, Nyman, Parkkola, & Hämäläinen, 2006; Ranzini, Dehaene, Piazza, & Hubbard, 2009) . In these studies, the arrow cue is a potent symbol with an overlearned spatial meaning. This nature could explain why it can automatically direct the subject's visual attention to the location this arrow designates. This involuntary shift of spatial attention when encountering conventional, overlearned symbols sheds light on the mechanism of human communication because our communication depends on symbol interchange, which is accompanied by the modification of attention according to the meaning of the symbols during the exchange procedure. In our experiments, the arrow cues were used to indicate an orientation feature that is not conventional and overlearned in daily experience. Symbols that are nonconventional and not overlearned are less effective in controlling attention in communication compared with conventional and overlearned ones. This factor could lead to the disappearance of the cue validity effect in our experimental sessions with 50% cue validity, which suggests that encountering symbols that are not conventional and overlearned does not elicit an involuntary shift of feature attention.
In summary, our study provides empirical evidence that both priming and top-down attentional mediating are important mechanisms for FBA. We suggest that these two mechanisms are equally important and worthy of further investigation.
